Abstract. To accurately describe the vehicle vibration, the vibration response of the vehicle operation system affected by the track was studied. Through the analysis of the topological structure of vehicle operation system, the flexible track model and the rigid track model was built up. The track circuit model was established by simplifying the rigid track, and its inherent vibration was calculated by eigenvalue analysis. Power spectrum method was used to compare the dynamic model of flexible track and the dynamic model of rigid track and verify the effect of track on the vibration of vehicle. The results show that the effect of track on the vibration of vehicle mainly include the inherent vibration of track circuit and the high frequency vibration related to track pitch; the computing result provides a reference basis for describing the effect of track quantitatively.
Introduction
Due to the influence of the track on vehicle vibration, the vibration response of tracked vehicle on the off-road surface is very different from that of wheeled vehicle. To establish the accurate dynamic model of tracked vehicle is an important technical means to study the vehicle vibration response. Considering the complexity of the influence of the track on the vehicle vibration characteristics, how to accurately describe the track vibration characteristics in the tracked vehicle dynamic model is the key to ensure the accuracy of model. Ding Faqian, Campanelli, Shi Li-chen established a different mathematical model of tracked vehicles, but did not fully consider the impact of the track, especially the track circuit [1] [2] [3] . Scholar and others proposed a tracked vehicle system model based on continuous elastomer track, which provides a reference for analyzing the track vibration [4] . Based on DADS software, HAN Bao-kun established the tracked vehicle model with rigid track and without rigid track, and compared the difference of vibration response of two types [5] . In the above study, although the researchers used various methods to establish the tracked vehicle vibration model considering the influence of the track and improve the accuracy of the model, but the track vibration characteristics and the influence of the track on vehicle vibration were not studied deeply.
In order to study the effect of track on the vehicle vibration characteristics, the author establish a flexible track model and complex multi-rigid body model based on the principle of multi-body dynamics. Eigenvalue analysis and power spectrum analysis and other methods are used to study the inherent characteristics of the track, the effect of track-terrain interaction and the effect of the polygonal action during the meshing process between the belt and the sprocket on the vehicle vibration characteristics. The results of the study are of great significance for quantitatively describing the influence of the track on the vehicle vibration characteristics and improving the tracked vehicle vibration characteristics.
Dynamic Modeling of Tracked Vehicle Operation System
Assumptions used in tracked vehicle operation system model include: (1) all components are assumed as rigid body, and the power transmission system and the body are combined into a single mass; (2) the suspension is replaced by a spring damping torque between the elbow and the vehicle body; (3) In the tensioning mechanism, the crank arm connects idler and vehicle body through the rotation pair, and the transmission device is simplified as a slide and a sleeve which is constrained by the translational pair and the spring damping force, both of which are connected with body and crank arm by revolute pair [6] .
In the flexible track model, it is assumed that the flexible track is made of non-extensible bands around each wheel, and is parallel to each wheel, and is confined with the hard surface by contact force. There are only kinematic constraints between the flexible track and the wheels, so the flexible track model cannot reflect the complex vibration characteristics of the track.
In the rigid track model, the belt is constructed according to the geometrical dimensions. The interaction between the belt and sprocket, idler, support roll and road-wheel is treated according to contact force. The belt connected by a track pin wrapped by a rubber sleeve is restrained by the sleeve force. The force of the adjacent belt and the track pin is reduced to the sleeve force and the friction torque at the track pin, and the contact between the belts is the force and the moment that produces the translational and rotational effects when the frictional torque is ignored. According to the above tracked vehicle modeling theory and the connection between the various components of the vehicle, flexible track and rigid track vehicle mobile system topology diagram are shown in Fig.1 
Analysis of Track Vibration Characteristics
There are two main effects of the track on the vehicle vibration during the process of vehicle driving: one is the effect of restraint and vibration of track circuit, the other is the track-terrain interaction and the polygonal action caused by the track plates. Both of which affect the vehicle's low-frequency vibration and high-frequency vibration respectively.
Analysis of the Inherent Vibration Characteristics of the Track Circuit
To study the inherent vibration characteristics, the track circuit in the multi-rigid body model of the track vehicle is analyzed as a continuous elastomer. The track circuit model consists of six tracks between the first road-wheel, the sixth road-wheel, the idler, the sprocket and the support roll, as shown in Fig. 3 . 
with the parameters,
Here, l v , t v have the interpretation of the longitudinal wave and vertical wave propagation speed. g ρ denotes the track weight/length, r EA is the axial stiffness of the track, and 0 P is the track preload tension. The propagation velocity of the vibration wave is separated into vertical and longitudinal velocity, and the longitudinal propagation velocity is much larger than the vertical propagation velocity. Based on this situation, it can be assumed that the stretching of the track is quasi-static, so the longitudinal motion of the track described in equation (1) can be approximated as static, namely
Twice integration for the equation (4) 
The general solution is provided with ω being a natural frequency to obtain the longitudinal vibration displacement and the vertical vibration displacement, namely It can be seen that the natural frequency of the track circuit is within the frequency range of 3-10 Hz and belongs to low frequency vibration. When the vehicle in uneven road driving, the ground fluctuation fluctuates easily lead to low-frequency vertical vibration of the track circuit, resulting in upper and lower fluctuations of the upper track. Severe on the track plate may hit the body on both sides of the fender, which caused some damage to the vehicle. Meanwhile, the geometric and mechanical restraining effects of the track circuit mainly affect the low frequency vibration of the vehicle
Analysis of Vibration Response Caused by Track Pitch.
When the road excitation is inspected to pass through the track, since the rigid belt is approximately as point contact with the ground, it is equivalent to separating the road surface into a pavement spaced at track pitch, thereby filtering out the wavelength in the pavement excitation greater than the track length so that the spatial frequency becomes the upper limit of the spatial frequency of the road excitation. In addition, the polygonal action when the belt is engaged with the sprocket causes the sprocket to collide with the track pin periodically. The periodic excitations of these two parts are both caused by the track plate pitch, and the excitation frequency is related to the vehicle speed at the same time,
For the selected model, the belt pitch is 0.153m. When the vehicle is running at a speed higher than one gear (about 10km / h), the excitation frequency of the belt is more than 18Hz, which is high frequency vibration compared with the natural vibration frequency of the track circuit. The dynamic simulation of the above two models under a variety of typical operating conditions is carried out to output the vertical vibration response signal at the driver's seat under given excitation. The sampling frequency of the simulation process is 200 Hz and the sampling time is 10 s (excluding dropping and body recovery settling time). The power spectral density curves obtained by the Welch algorithm are shown in Fig. 5 . It can be seen that the frequency components of the acceleration signal are mainly divided into low frequency bands within 15 Hz and high frequency bands above 30 Hz, and only the rigid track will excite high frequency components.
Analysis of Vibration Response of Tracked Vehicle System
In the power spectral density curve, the lower frequency band around 4-10 Hz mainly includes the wheelbase effect caused by the wheelbase of the road-wheel and the overall vibration effect of the track circuit.
In the flexible track model, the wheelbase effect is more significant because the geometrical restraint effect of the track circuit is not taken into account, and the geometrical effect of the track circuit will restrain the wheelbase effect in the rigid track model, so the two curves in the frequency range of the peak frequency is different.
In the power spectral density curve, the high frequency component of about 30-60 Hz is the periodic excitation associated with the rigid belt pitch.
When the vehicle is traveling at 20 km/h and 30 km/h, the corresponding belt excitation frequencies are 36.33 Hz and 54.64 Hz, respectively. In the graphs (a), (c) and (e), the corresponding peak frequencies calculated from the rigid track model are 35.16 Hz, 36.91 Hz and 35.55 Hz, respectively. The peak frequencies calculated in graphs (b), (d) and (f) are 54.32 Hz, 54.35 Hz, 54.14 Hz, respectively.
It can be seen that the simulation results are in good agreement with the theoretical results. In the flexible track model, the influence of the track on the high frequency vibration cannot be reflected because the action of the track is not taken into account. In addition, by calculating the RMS value of the output signal, it can be concluded that the influence of the track on the vehicle vibration is getting smaller as the road roughness level decreases. As the speed increases, the vibration energy of the track section also decreases.
Conclusion
(1) The natural vibration frequency of the track circuit is in the lower frequency range of about 3 to 10 Hz, and the high-frequency vibration caused by the track-terrain interaction and the polygonal action is related to the track pitch vehicle speed. 
